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Comparing a Low-Volume Piezometer to Traditional Wells in Evaluating Hydraulic  
 
Lag Caused by Low-Permeability Sediments 
 
John Spencer 
 
ABSTRACT 
Traditionally-constructed wells are commonly used to measure hydraulic head in 
all saturated systems, even in fine-grained sediments.  Previous studies (Hvorslev 1951, 
Penman 1961) have shown that time lag in response to head changes between traditional 
wells and the surrounding fine-grained sediments can be a significant source of error.  
Time lag is caused by the time required for water to flow into or out of the well to reflect 
the appropriate change in head.   
A low-volume piezometer was constructed to measure changes in hydraulic head 
without requiring a change in fluid volume within the piezometer by directly measuring 
pore pressure in the surrounding sediments.  The low-volume piezometer used a 
commercially-available pressure transducer that is hydraulically connected to the 
surrounding sediment by a porous-ceramic cylinder.  The device is attached to a drive 
point that allows for quick insertion without creating excessive over-pressure so that 
equilibrium is achieved rapidly. 
The low-volume piezometer was inserted near traditionally-constructed wells in 
3-4 m thick, saturated clay in west-central Florida.  The low-volume piezometer was field 
tested to compare measured pore pressures with observed levels in traditionally-
 v
constructed wells.  The comparison highlights any head difference between the two 
methods, and determines if there is a time lag between the two measurement methods and 
its magnitude. 
The low-volume piezometer was installed next to a traditionally-constructed well 
and heads in both wells were monitored for three months.  Results show that the low-
volume piezometer can take up to a month to reach equilibrium.  Using Hvorslev’s 
equations, traditionally-constructed wells have time lag of roughly 6 orders of magnitude 
greater than the low-volume piezometer.  If this is correct, it could take up to 83,000 
years for a traditionally-constructed well to reach equilibrium. 
However, when a trend analysis is performed on the hydrographs from the low-
volume piezometer and the two traditional wells, the correlation coefficients are 0.95 and 
0.96.  The very strong correlation suggests that the low-volume piezometer and the 
traditional wells both respond similarly to changes in head.  More field data need to be 
collected, but it appears that contrary to theory, time lag in traditionally-constructed wells 
may be negligible. 
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Chapter 1 - Introduction 
 Low-permeability units have significant influence on the hydrology of aquifer 
systems, and are common in hydrogeologic settings.  However, the hydraulic function of 
low permeability units is rarely examined.  The leakance (K’/b’) of a confining unit is 
usually calculated from aquifer stress test data, but the unstressed hydrology of the low-
permeability unit is seldom evaluated.  Hydraulic head is rarely measured within fine-
grained sediments, yet it is a critical piece of information when estimating horizontal and 
vertical groundwater gradients and fluxes into or out of the system.  Accurate head 
measurements are essential to understand the flow system within the unit of study and to 
determine its effect on surrounding systems. Hydraulic head within a low-permeability 
unit is one of the simplest and most useful aspects to study, however, it may be the 
hardest to accurately measure.  
Low-permeability units are often treated like more permeable units, in that, if they 
are to be monitored for any period of time, observation wells are inserted into the unit 
and the corresponding water levels are recorded.  However, many studies such as suggest 
that using traditional observation wells and standpipe piezometers in very low hydraulic 
conductivity units causes large errors in measured heads [Hvorslev 1951, Penman 1961, 
Hanschke and Baird 2001]. 
 Hvorslev (1951) is the most frequently-referenced study focusing on the 
possibility that observed water levels in traditionally-constructed wells are directly 
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influenced by both the construction of the traditional well and the surrounding water-
bearing sediments. Traditional observation wells and piezometers require moving 
volumes of water into or out of the well to change water levels within the well (Fig. 1.).  
For this reason, a large volume of water may need to pass into or out of the well and the 
surrounding well pack for water levels in the well to accurately reflect changes in 
hydraulic head within the surrounding matrix.  The time required for water to flow into or 
out of a device until a desired degree of pressure equalization with the surrounding matrix 
is attained is called the hydrostatic time-lag (Hvorslev 1951).  If the permeability of the 
matrix is sufficiently large, the time-lag is small and little lag effect is observed in the 
piezometer.  However, silts and clays with permeabilities of 10-5 to 10-8 cm/sec can 
potentially cause significant time-lags in traditional observation wells and standpipe 
piezometers. 
 Hvorslev derived several analytical solutions to approximate time-lag error with 
several different types of standard piezometer construction. 
For a standard, flush-bottom piezometer, 
k
dT
11
π=                                                                 (1) 
where T is basic time-lag (T), d is the diameter of the piezometer (L), and k is hydraulic 
conductivity (L/T) (Hvorslev 1951).  
 Hvorslev (1951) also derived equations on time-lag using diaphragm piezometers 
instead of standpipe piezometers.  Diaphragm piezometers can measure the direct pore 
pressure from surrounding sediments instead of requiring a volume of water to flow into 
or out of the standpipe.  The direct measurement of pore pressure to measure changes in  
 3
 
 
 
 
 
Figure 1.  A cross-section of a traditionally-constructed well.  The water level within 
a traditionally-constructed observation well is directly influenced by the flux of 
water moving into and out of the well screen. 
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head in the surrounding matrix makes a diaphragm piezometer ideal for low-permeability 
situations.  Diaphragm piezometers need such a small volume change to accurately 
measure fluid pressure that they can even be potentially grouted into a borehole 
(Mikkelsen, 2003).   
Hvorslev’s (1951) standard time-lag equation for a diaphragm piezometer is, 
k
d
h
T επ
22
=                                                              (2) 
where d is the diameter of the diaphragm (L), ε is the deflection of the diaphragm in the 
pressure cell (L), h is head (L) and k is hydraulic conductivity (L/T) (Hvorslev 1951). 
 Hvorslev (1951) calculated time-lags for various soil types (Table 1).  For the 
estimated time-lag for a soil with a permeability of 10-6 cm/s, a piezometer with a 5.08 
cm casing and a flush bottom will have an approximate time-lag of 17 days, where a 
diaphragm piezometer in direct contact with the soil will have an approximate time-lag of 
4 seconds. 
 Penman (1961) further investigated Hvorslev’s time-lag analytical solutions by 
performing bench tests on several standpipe piezometers and electrical diaphragm 
piezometers.  The experiment consisted of a testing apparatus much like a triaxial cell 
filled with London Clay with a permeability of ~10-8 cm/s.  The cell was filled with clay 
and the piezometer was inserted into the center. A pressure of about 0.703 kg/cm2 was 
then applied to the cell and the piezometer was monitored until the measured equilibrium 
was reached.  The standpipe piezometer consisted of a vertical capillary tube 1mm bore 
connected to a ceramic filter.  The standpipe took 885 minutes to reach equilibrium, by 
far the longest of the methods tested.  The electric diaphragm piezometer consisted of a  
 5
 
Table 1.  Table of Estimated Time-lags for Various Soil Types (Hvorslev 1951).  The 
Basic Time Lag, T column represents estimated time-lags for different head 
measurement methods in a soil with a coefficient of permeability of 10-6cm/s. 
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vibrating wire connected to a diaphragm with a ceramic filter at the end.  The diaphragm 
piezometer was able detect a pressure change within 6 seconds of pressure alteration and 
reached equilibrium within 10 minutes. 
 Most test data presented in literature written concerning time-lag error in 
traditionally-constructed wells have been obtained on a bench scale with little or no field 
data presented (Hvorslev 1951, Penman 1961, Hanschke and Baird 2001, Mikkelsen 
2003).  The objective of the current test is to conduct a field scale study of 4.5-6.0 m of 
saturated clay to determine if heads can be accurately measured in a fine-grained 
sediment system. Two methods of head measurement were chosen: traditionally-
constructed well nests and a newly designed low-volume piezometer. The field study also 
provided data on the effect of time-lag on the traditional wells and the low-volume 
piezometer. 
Description of Field Site 
Florida stratigraphy contains a Miocene-age, phosphate-and-clay-rich layer 
(Hawthorn Formation) that acts as a semi-confining unit between a sandy, surficial 
aquifer and a karstic limestone aquifer below (Miller 1986, Scott 1988).  The Bone 
Valley Member of the Hawthorn Formation has been mined extensively for phosphatic 
ore since the beginning of the 20th century.  In the mining process, the surficial sands 
above the Bone Valley Member are removed by large drag lines and set aside for land 
reclamation.  After the surficial sands are removed, the drag lines excavate the underlying 
ore matrix and send it to a screening plant where the phosphatic ore can be separated 
from the sand and clay matrix.  The matrix is made up of approximately 1/3 clay, 1/3 
sand, and 1/3 pebble phosphate.  During beneficiation, the matrix materials are put into 
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suspension.  The residual clay slurry after beneficiation contains 3-5% solids and is 
pumped into clay settling areas (CSA) to dewater and consolidate.  The overlying water 
is drained off and recycled into the phosphate beneficiation process.  After 3-5 years the 
CSA develops a hard crust about 20 – 30 cm thick with saturated clay underneath 
(Florida Institute of Phosphate Research, 2004.).  CSA’s make up about 40-50% of all 
reclaimed mining land in Florida.  
The selected field site is a CSA located about 8 km west of Ft. Meade, Florida.  
The CSA covers an area of 2.6 square kilometers and the clay slurry has a thickness of 
4.5-6.0 m.  The clay slurry was deposited on top of unmined surficial sand and is 
contained on all four sides by a berm made of the same sand.  After approximately 20 
years since formation, the CSA has formed a hummocky surface with a dry crust capable 
of supporting vegetative cover.  The dried clay is predominantly covered by cogan grass 
in the uplands and willows in the depressional wetlands. 
Statement of Problem 
  Traditionally-constructed, 5.08 cm diameter observation wells were installed to 
monitor head in the saturated clay. After months of monitoring water levels, the 
traditionally-constructed clay wells appeared to possibly be disconnected from each other 
and the surficial aquifer.   Literature and previous studies seemed to support the idea that 
the apparent disconnection between the clay wells was caused by time-lag between the 
traditionally-constructed wells and the fine-grained sediment system.  A low-volume 
piezometer was designed to measure direct pore pressures from the fine-grained sediment 
system to greatly reduce or even eliminate the possible time-lag.  The heads measured by 
the low-volume piezometer were compared with the heads measured in the traditionally-
 8
constructed observation wells to test the hypothesis that well construction, or more 
specifically, well volume, can be a significant source of time-lag when measuring heads 
in fine-grained sediment systems. 
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Chapter Two - Methods 
Traditionally-constructed observation wells were installed in the CSA itself and in 
the surficial aquifer both directly beneath and surrounding the CSA.  The wells installed 
in the CSA were augered to 2.5 and 4.0 m below land surface at three different sites 
within the CSA.  Two wells at each CSA site were installed at a depth of 12.0 and 30.5 m 
below land surface to monitor heads in the surficial aquifer, beneath the CSA.  Nine other 
wells were installed to the north, east, and west of the CSA.  The nine wells surrounding 
the CSA were installed at a depth of 4.0 m below land surface to monitor the surficial 
aquifer around the CSA. (Fig. 2.). 
 Each well was constructed of 5.08 cm PVC with a 1.5 m slotted well screen.  The 
screen was surrounded with a 15.25 cm diameter well pack consisting of medium sand.  
A drawback of traditionally-constructed wells is that the well screen is not directly in 
contact with the surrounding material due to the sand pack buffer.  A device that can 
measure pore pressure and can be placed directly in contact with the clay pores would 
provide a much more accurate measurement of hydraulic heads than traditional wells and 
piezometers. 
A manometer was first considered (Fig. 3.).  A manometer is generally 
constructed out of a hollow steel tube with a hard, porous membrane at one end, and a 
clear, flexible tube to view head changes at the other.  The manometer is filled with water 
and driven into the soil to the determined depth.  The porous membrane allows pore  
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Figure 2.  Well Nest Locations at Ft. Meade CSA.  1E, 1N, and 1W nests 
contain wells of 2.5 m, 4.0 m, 12.0 m, and 30.5 m BLS.  2E, 2N, and 2W nests contain 
wells of 7.75 m and 13.5 m BLS.
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Figure 3.  An example of a manometer (Moore and Gobdwin 1941).  Section A is the 
soil probe, B is the manometer consisting of flexible tubing, capillary tubing, a 
mercury meniscus, and a manometer bulb.  Section C is the probe point consisting 
of a porous ceramic cell, synthetic rubber gaskets, and a hardened point. 
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pressures from the soil to be transmitted through the membrane and cause the water level 
to rise or fall accordingly in the manometer. The manometer doesn’t need a large volume 
change of water to measure a head change in the soil, and it can be driven directly into 
the ground so no borehole with a surrounding sand pack is needed.  However, the 
manometer is mainly designed to help identify rough vertical gradients in a shallow 
groundwater system by recording the rise or fall of the water level in the viewing tube.  
All of the data would need to be manually recorded, hindering long term monitoring, and 
the actual pressure changes would be difficult to calculate.  A manometer also is a large 
and heavy piece of equipment which would make quick measurements at a field site 
difficult.   
Ideally, a device that has the qualities of both a diaphragm piezometer and a 
manometer would be ideal for head measurements.  It could be driven into the sediment 
with little disturbance and could quickly reach equilibrium with the surrounding pore 
pressure and give an accurate head measurement.  After the needed data are collected, the 
device can be quickly removed and reused, unlike current diaphragm piezometer designs. 
A low-volume piezometer was designed specifically for monitoring heads within fine 
sediments, using a commercially-available pressure transducer, and constructed to 
function like a manometer.  The low-volume piezometer is ideal for field situations, 
lightweight, easily transportable, and can log measurements for as long as needed (Figs. 
4a & 4b). 
The original prototype (Fig. 4a) featured a hard, porous, ceramic cup threaded on 
the end of the pressure transducer.  The pressure transducer was fixed to 1.9 cm  
 13
 
 
 
 
Figure 4a.  First low-volume  Figure 4b.  Second low-volume 
piezometer design.                                      piezometer design. 
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galvanized pipe with a set screw.  The transducer cable was run through the 
galvanized pipe to the surface where it could be used for real-time monitoring or for data 
download. 
Two setbacks occurred with the first prototype.  First, the rounded end of the 
ceramic cup allowed a large over-pressurization of fluid within the low-volume 
piezometer as the device was driven, making quick readings impossible.  Overpressures 
from driving the device created heads 2-3 m above equilibrium heads.  Equilibrium 
pressures were normally not reached until four to six hours after insertion.  Second, the 
set screw could not withstand the stress of being pushed into the sediment, and multiple 
failures occurred.  The set screw also required the transducer to be inserted and removed 
from the galvanized pipe before and after every field use.  This made an accurate 
measurement of the correct length of the device time consuming because it needed to be 
re-measured every time or the correct depth of the pressure measurement would not be 
known. 
The second design incorporates several improvements (Fig 4b).  The ceramic cup 
is replaced with a ceramic cylinder.  A metal tube runs from the end of the pressure 
transducer, through the ceramic cup, and is threaded into a drive point.  The metal tube is 
slotted where it meets the ceramic cylinder to allow horizontal flow between the saturated 
ceramic cylinder and the pressure transducer.  The pressure transducer can be directly 
threaded onto the end of the galvanized steel pipe, creating a much stronger attachment 
and a standard length.  The drive point prevents the large over pressurization from 
occurring which allows for more rapid equalization and allows the piezometer to be 
driven into stiffer sediments. 
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Before deployment in the field, the low-volume piezometer was initially tested on 
a bench-scale water column.  The ceramic cylinder was saturated and attached to the 
pressure transducer before being placed into the water.  The pressure transducer 
measured the water level at 1 second intervals and was monitored on a computer screen.  
The low-volume piezometer immediately recorded level changes as soon as the ceramic 
cylinder entered the water and continued recording changes until the low-volume 
piezometer reached the bottom of the water column.  There was no apparent time-lags. 
The low-volume piezometer was used to compare pore pressures within the clay 
to the water levels in the traditionally-constructed clay wells.  The low-volume 
piezometer was placed at 2.5 and 4.0 m depths below land surface at the 1N, 1E, and 1W 
well clusters.  The piezometer was then used to measure horizontal and vertical head 
gradients within the clay.  The low-volume piezometer gathered point measurements at 
depths of 2 m, 3 m, and 4 m bls at three locations between the 1N well cluster and the 
northern berm of the CSA, as well as three locations between the 1E well clusters and the 
eastern edge of the CSA.  The low-volume piezometer was left in the clay on average 5 
hrs to reach what was then estimated to be 90% of equilibration.  It was moved after 90% 
equilibration because Hvorslev (1951) found that equilibration time before and after the 
90% threshold were nearly equal.  The low-volume piezometer was also left to run 
overnight when possible to record an accurate equilibrium. After the point measurements 
were taken near the clay well clusters, the low-volume piezometer was installed near the 
1N8 well for approximately 3 months to monitor seasonal changes in head within the 
CSA. 
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Clay samples were taken at various depths near the well clusters to calculate an 
average gravimetric moisture content and hydraulic conductivity from falling-head 
permeability tests.  The clay samples were taken at two locations near the 1N cluster as 
well as two locations near the 1E cluster.  At each location two samples were gathered at 
depths of 0.3 m and 1 m bls. 
Falling-head permeability tests were performed on the clay samples to estimate 
hydraulic conductivity (ASTM D5856-95).   Each clay sample was placed into a rigid 
compaction-mold permeameter and connected to a falling head hydraulic system.  The 
permeameter is designed to prevent swelling of the clay by using porous disks to contain 
the clay.  The tests were run for over 24 hours and results were collected when four 
values of hydraulic conductivity were equal (Cira 2008). 
Atterburg limits were obtained from clay samples along with gravimetric moisture 
content measurements to determine the physical properties of the clay.  If the saturated 
clay is acting as a liquid then the density of the clay would have to be added when 
calculating the total heads for the CSA; if the clay is acting as a plastic solid, it can be 
treated like any other water-bearing sediment when determining the heads.  The plastic 
limit was determined using a standard rolling method, while the liquid limit was 
determined by a cone penetration method (ASTM D4318-05).  The bench tests were 
performed on samples taken at 10 cm, 38 cm and at 1.5 m below land surface. Each 
sample was tested five times and the mean of the results was used to ascertain the limits 
Cira (2008).  
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Plotting and Statistics 
 A trend analysis was utilized to quantify how closely the heads from traditionally-
constructed wells 1N15 and 1W8 correlate with the low-volume piezometer.  Scatter 
plots were created for the recorded heads from June 2007, until September 2007 for each 
traditionally-constructed well versus the low-volume piezometer.  A least-squares 
regression line with a high residual sum of squares would confirm a close correlation 
between the traditionally-constructed wells and the low-volume piezometer.  If the wells 
and the piezometer do have a close correlation, then the probability that time-lag is 
affecting the traditional wells is low. 
 18
 
 
 
 
Chapter Three - Results 
The clay is a light grey color with moisture content increasing with depth.  In 
some areas of the CSA, a small percentage of silt or sand is present (10-30%), but 
otherwise the clay is homogeneous.  The surface of the clay is hard with many fractures 
running through it.  The hard, fractured layer begins at land surface and continues down 
to about 0.3 m below land surface.  From 0.3 m to 0.6 m the fractures end and the clay 
becomes plastic and stiff.  Below 0.6 m the lay becomes totally saturated, sticky, and 
very plastic with little shear strength.  Little down pressure is needed when coring 
through the clay below 0.6 m.   
Generally the clay has a gravimetric water content of 90% to 100% 30-38 cm 
below land surface, increasing to 120% to 150% at 0.5 m to 1.5 m below land surface.    
Because the clay is so homogeneous, it is assumed that the clay contains no more than a 
150% gravimetric water content.  Atterburg limits for the clay were 67% and 228% for 
the plastic limit and the liquid limit respectively.  Falling head permeability test results 
indicate an average hydraulic conductivity of 10-8 cm/s, which is common for clay (Fetter 
1980). 
 During a year of monitoring, the water levels within the traditionally-constructed 
clay wells had very different water levels when compared between themselves and also 
when compared with wells in the surrounding surficial aquifer wells (Figs. 5a and 5b.).  
Wells in the clay open to the same depth within 4-5 meters from each other, had water  
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Figure 5a.  Hydrographs of traditionally-constructed wells in the CSA. 
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Figure 5b. Hydrographs of traditionally-constructed wells in the Surficial aquifer 
surrounding the CSA.
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levels that consistently differed by 1.5 to 2.0 m.  Water levels in the shallow wells in the 
clay at a depth of 2.5 m, (1E8, 1W 8 and 1N8; Fig. 2.) rose by ~1.5 m from July ’06 to 
Oct ’06  while water levels in wells in the surficial aquifer outside the CSA rose 0.5 m 
during the same span of time.  Water levels in the shallow wells in the clay also rose 
during February and March of 2007, a period when the wells in the surficial aquifer were 
at their lowest levels. 
 The first low-volume piezometer design was inserted into the clay near the 1N 
cluster at 2.5 m below land surface.  An overpressure occurred immediately after 
insertion and did not reach equilibrium until 3.5 hours later (Fig.6.).  The low-volume 
piezometer was driven further to 4.0 m below land surface, insertion overpressures 
occurred again with equilibrium reached after 10 hours. 
 The second piezometer design was inserted near the 1E well clusters, the 1W well 
clusters, and at various points near the 1N and 1E well clusters (Fig. 7.). The drive point 
for the new design was able to minimize the initial overpressure that occurred with the 
first design.  The head rises on a logarithmic curve until an apparent equilibration is 
reached (Fig. 8.).  However, equilibrium time-lags are highly variable, with the required 
time for the low-volume piezometer to reach the apex of the apparent equilibrium curve 
taking between 1 hr and 15 hrs, and full equilibration taking between 2 hrs and 46 hrs.   
  Equilibration for the long term head monitoring event appears to reach a stable 
level after 27 days (Figure 9).  While the pressure in the low-volume piezometer is rising 
to reach equilibrium, the water levels in the traditionally-constructed wells remain steady.  
After the peak in the pressure of the low-volume piezometer, all three levels in the low- 
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Figure 6.  Initial insertion for the original low-volume piezometer design.  A large 
immediate overpressure was measured by the pressure transducer.  The 
overpressure took between 3 and 15 hours to fully dissipate. 
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Figure 7.  Location at the Ft. Meade CSA where the low-volume piezometer was 
used to measure hydraulic heads in the clay. 
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Figure 8.  Selected recorded measurements using the second low-volume piezometer 
design.  Total equalization times as well as 90% equalization times varied greatly 
with no known cause. 
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Figure 9.    Hydrographs of Low-Volume Piezometer and Traditionally-Constructed 
Wells within the saturated clay layer. 
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volume piezometer and traditionally-constructed wells 1W8 and 1N15 steadily decrease 
in tandem until the end of the recorded period.    
The results from the trend analysis show a tare during a time when the 
traditionally-constructed well measured a rain event, but the low-volume piezometer did 
not.  A trend line was plotted for the initial arm and the final arm of each scatter plot. The 
residual sum of the squares for the piezometer vs. 1W8 is 0.992 and 0.998 with a p-value 
of 0.98.  For the piezometer vs. 1N15, the R2 is 0.996 for the first arm and 0.99 for the 
second, the p-value for the scatter plot is 0.99 (Figs 10 and 11).  
Discussion 
 One concern in measuring the heads within the clay is that the clay contains a 
very high water content (150%) and is loosely consolidated only 30-50 cm below land 
surface.  Atterburg limits were measured to determine if the clay unit is a plastic solid or 
a viscous liquid. Atterburg limits for the clay are 67% for the plastic limit, and 228% for 
the liquid limit. The estimated gravimetric water content for the clay is 150%, and is well 
below the liquid limit of 228%, which means that the clay can be treated as a saturated 
solid and not a viscous liquid.   
The permeability of 10-8 cm/s established in the falling-head  permeability test 
was used with Hvorslev’s equations to determine an analytical estimation of time-lag for 
the traditionally-constructed observation wells (eq. 1) and an estimated time-lag for the 
low-volume piezometer (eq. 2).  The estimated time-lag for a 5.08 cm standard well in 
direct contact with the surrounding soil with a permeability of 10-8 cm/s is 1679 days.  
The estimated time-lag for a diaphragm piezometer with a diameter of 1.9 cm and in 
contact with the same soil is 2.15 min.   
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Figure 10.    A scatter plot of the Low-Volume Piezometer and the Traditionally-
Constructed Well 1W8.  The graph shows a very strong correlation between the 
two. 
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Figure 11.  A scatter plot of the Low-Volume Piezometer and the Traditionally-
Constructed Well 1N15.  The graph shows a very strong correlation between the two 
also. 
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The calculated time-lag for a low-volume piezometer, as well as the results of 
laboratory bench test for low-volume piezometer response times, differed greatly from 
the field response times observed at the CSA.  The low-volume piezometer is calculated 
to have a time-lag of 2.15 min using Hvorslev’s equation and Penman observed a time-
lag of ~ 10 min for total equalization in a bench test using homogeneous clay of 10-8 
cm/s.   
The initial field test using the second low-volume piezometer design indicated 
equilibrium times varied anywhere between 1.5 hours and 2 days.  Each curve seemed to 
reach some sort of equilibrium, yet the long term field test indicates that the short 
equilibrium time may not be a true equilibrium.  The long term test shows that it might 
take up to 1 month before a piezometer that is directly measuring pore pressures can 
reach equilibrium.  If traditionally-constructed wells have a time-lag error of roughly 6 
orders of magnitude greater than the low-volume piezometer it could take up to 83,000 
years for a traditionally-constructed well to reach equilibrium.  However, when a trend 
analysis is performed on the hydrographs from the low-volume piezometer, traditional 
wells 1N15, and 1W8, the correlation coefficients are 0.95 and 0.96, respectively.  The 
very strong correlation shows that the low-volume piezometer and the traditional wells 
have very similar responses to changes in head in the clay.  
One hypothesis to explain the fast reaction times of both the wells and the low-
volume piezometer to head changes within the wells is that the clay could be a dual flow 
system.  Fractures were observed in the clay up to 1 m below land surface. Flow in a 
fracture system could allow the levels in the wells to respond rapidly to changes in head 
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in the clay.  The clay below 1 m however, is saturated and extremely plastic.  Flow in 
open fractures beneath 1 m seems improbable. 
Another hypothesis is that the current estimation of time-lag is wrong.  If the low-
volume piezometer was seated correctly into the clay, and the wells were installed 
correctly, then the observed heads are true.  If the field data are accurate, the error in head 
measurements caused by time-lag of recorded water levels to heads within traditionally-
constructed wells in fine-grained sediments could be small. 
 
 
Conclusion 
Traditionally-constructed wells were installed in a fine-grained system to measure 
the hydraulic heads within the system and estimate groundwater movement.  After 
months of monitoring, the water levels within adjacent wells appeared to be 
disconnected, and a solution was sought.  Analytical estimates from Hvorslev (1951) 
show that hydrologic time-lag can be a significant source of error by causing head 
changes in the sediments to be delayed by up to four years before being reflected in the 
monitoring wells.  A low-volume piezometer was designed to directly measure pore 
pressures from the clay and effectively eliminate the time-lag error derived by Hvorslev.   
Initially, the low-volume piezometer appeared to reach equilibrium levels 
between 4 hours and 2 days.  Point measurements between the low-volume piezometer 
and the traditionally-constructed wells also indicated a difference in measured heads by 
an average of 0.6 m.  However, long term monitoring of heads by the low-volume 
piezometer and a traditionally-constructed well suggest that the time required for the low-
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volume piezometer to reach equilibrium is much longer than first anticipated.  Also, the 
observed heads from both the low-volume piezometer and the traditionally-constructed 
wells correlate so closely that they can considered almost identical.  The comparison 
between the low-volume piezometer and two traditionally-constructed wells point to the 
possibility that time-lag in the response of traditional wells to head changes is small, even 
in systems with extremely-low hydraulic conductivities. 
Time-lag is a largely accepted theory in the hydrogeologic community.  The 
theory is often referenced in literature, especially in reference to fine-grained sediments; 
however, there appears to be no conclusive field data that confirms the idea.  Further 
research at the present field site can quantify how head measurements in traditionally-
constructed wells are affected by fine-grained systems.  Accurate field data will be the 
key in deciding whether time-lag is a real source of error in traditionally-constructed 
wells, or if it is not significant. 
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